An early event in the formation of inhibitory synapses between the serotonergic Retzius (R) neuron and the pressuresensitive (P) neuron of the leech is the elimination of an extrasynaptic, depolarizing response to 5-HT in the P cell from sites of contact. This effect is induced specifically by contact with the R neuron but not with other identified leech neurons, including other serotonergic neurons that do not form chemical synapses with the P cell. In the reproductive (fifth and sixth) segmental ganglia, the R cells (Rf5J exhibit functional and morphological differences with the standard R cells (R,,,) in the other 19 segmental ganglia. In the study presented here, we tested the specificity of P cell recognition of R cells by examining whether there were differences between the R,,, and R(,,,, cells with respect to synapse formation with the P cell.
An early event in the formation of inhibitory synapses between the serotonergic Retzius (R) neuron and the pressuresensitive (P) neuron of the leech is the elimination of an extrasynaptic, depolarizing response to 5-HT in the P cell from sites of contact. This effect is induced specifically by contact with the R neuron but not with other identified leech neurons, including other serotonergic neurons that do not form chemical synapses with the P cell. In the reproductive (fifth and sixth) segmental ganglia, the R cells (Rf5J exhibit functional and morphological differences with the standard R cells (R,,,) in the other 19 segmental ganglia. In the study presented here, we tested the specificity of P cell recognition of R cells by examining whether there were differences between the R,,, and R(,,,, cells with respect to synapse formation with the P cell.
R (5,6j neurons did not innervate P cells in the fifth and sixth ganglia (P(,,,,) in vivo or in vitro, nor did they form synapses with P cells from standard ganglia (P,,,) in vitro except on rare occasions, after long periods in culture. In contrast to the effects of Rt5,6, neurons, R,,, neurons readily innervated both P,,, and P,s,6j cells in vitro, suggesting that the lack of an R~s,6~-P~s,5~ Y s napse reflects differences in the presynaptic rather than the postsynaptic cell. In contrast to the R,,, cell, contact with the R (,,,, neurons had no significant effect on the responses of the P cell to 5-HT. We conclude that the P cell is able to distinguish between the R,,, and RC5+) neurons through cell surface cues, and that the selection of transmitter responses in the postsynaptic neuron is an early event during neuronal recognition and synapse formation. [Key words: synapse formation, identified neurons, neuronal recognition, leech CNS, 5-HT, tissue culture]
The guidance of growing axons to their correct target regions occurs through molecular cues present on cells or in the extracellular environment. In simpler nervous systems, cell recognition during axon path formation has been well studied and is believed to occur through the expression of cell surface molecules that identify different neurons (Grenningloh et al., 1992; Leung-Hagesteijn et al., 1992) . Isolated neurons from the leech (Ready and Nicholls, 1979) and from the mollusks Aplysia (Camardo and Proshansky, 1983) and Helisoma (Hadley et al., 1983) form synapses selectively in vitro. Because the choice of synaptic partners occurs in the absence of normal substrates and non-neuronal cells, recognition must depend upon direct interactions between the neurons. The most extensively studied synapse that is reformed between cultured leech neurons is the chemical connection between the serotonergic Retzius (R) neuron and the pressuresensitive mechanosensory (P) neuron. At this synapse both in vivo (Fuchs et al., 1982) and in vitro (Drapeau and SanchezArmass, 1988) , the release of serotonin (5-HT) by the R cell activates an inhibitory chloride conductance in the P cell. Furthermore, synapses between these neurons are observed in the electron microscope, and activity-dependent recycling of synaptic vesicles has been documented (Kuffler et al., 1987) . In vitro, the R cell is always presynaptic to the P cell, and electrical connections do not form (Fuchs et al., 1982 ). An early event preceding the formation of the inhibitory R-P synapse is the elimination in the P cell of an extrasynaptic, depolarizing response to 5-HT (Drapeau and Sanchez-Armass, 1988) . The depolarizing response is observed in vivo on the P cell soma, distant from synaptic sites in the neuropil (Sargent et al., 1977; Henderson, 1983 ) and may be involved in the response of the P cell to 5-HT released nonsynaptically, for example, into the bloodstream, where it acts as a neuromodulator (Kristan and Nusbaum, 1982) .
The loss of the depolarizing response is triggered locally by contact with the R neuron , and results from the loss of sensitivity of cationic channels to activation by 5-HT (Drapeau, 1990; Drapeau, 1992, 1993) . This event is cell specific in that contact with identified neurons other than the R cell, including the serotonergic VL and DL neurons that do not form chemical synapses with the P cell (Acklin and Nicholls, 1990) , has no effect on the P cell responses to 5-HT (Merz and Drapeau, 1992) . The specificity of this interaction parallels that of synapse formation, in that the only neuron that induces the loss of the nonsynaptic response is also the only neuron that forms a serotonergic synapse with the P cell. It therefore appears that the selection of transmitter responses is an early event during neuronal recognition and formation of the R-P synapse .
While comparisons of the R cell with other serotonergic neurons revealed the selectivity in these cellular interactions, a stricter test may be provided by the R cells of the fifth and sixth segmental ganglia, Ro,,,, which are specialized to innervate the reproductive organs. The R,,,,, neurons are similar to the standard R neurons (R,,,) in their positions in the ganglia, action potential waveforms, basic branching patterns in the neuropil, * Specificity of Synapse Formation 0.2 mV 30 mV b ms Figure I . The R-P synapse is observed in standard but not in reproductive ganglia. Intracellular recording showed synaptic responses of P cells to R cell action potentials in five of nine standard ganglia (A) and in zero of nine reproductive ganglia (B). Electrodes (4 M KCl) were used in the P cell to reverse the chloride gradient, making the synaptic response of the P cell excitatory. Because of the high level of spontaneous chloride-dependent responses in the P cell, averages of 16 sweeps were used to record R cell+voked responses.
and content of 5-HT (Jellies et al., 1987) . However, R(,,,, neurons exhibit several morphological and functional distinctions from R,,, neurons (Loer and Kristan, 1989; French and Kristan, 1992) including peripheral branches that innervate the reproductive organs and altered synaptic connectivity (Wittenberg et al., 1990) .
In this report we demonstrate that the R(,,,, cells are also distinct from R,,, cells in that they neither form synapses with nor affect 5-HT responses in the P cell. We propose that the P cell is able to recognize R cells using cell surface cues.
Materials and Methods
Dissections. Adult Hirudo medicinalis, purchased from Ricarimpex (Audenge, France), were dissected as previously described (Dietzel et al., 1986) . Segmental ganglia were removed and pinned in Sylgard-coated dishes. To isolate identified neurons for cell culture, ganglia were desheathed with forceps and exposed to collagenase (type XI, Sigma, St. Louis, MO) for 1 hr. Cell bodies were then removed by aspiration with a micropipette. The R and P neurons are identifiable by their characteristic sizes and positions in the ganglia. Cell bodies were plated in juxtaposition in Nunclon (Denmark) microtest wells (10 ~1) coated with poly-L-lysine and cultured at 18°C in Liebovitz-15 (L-15) medium supplemented with 2% (by volume) heat-inactivated fetal calf serum (GIB-CO Canada, Burlington, Ontario, Canada) and 0.4 mg/ml gentamicin.
Recordings. Electrophysiological recordings were made with an Axoclamp 2A amplifier (Axon Instruments, Burlingame, CA). Electrodes (15-20 MQ) were filled with 4 M KCl, 4 M K-acetate, or 4 M Cs-acetate, as indicated. The responses of isolated P cells to 5-HT were measured by single electrode voltage clamp in superfusion solutions that allowed the isolation of the cationic and the chloride responses (Drapeau and Sanchez-Armass, 1988) . Cationic responses were recorded in Na,SO, solution containing (mM) NaSO,, 135; MgSO,, 5; 3,4-diaminopyridine (DAP; a potassium channel blocker), 10; glucose, 10; HEPES, 10; anthracene-9-carboxylic acid (9-AC; a chloride channel blocker), 0.1 mM from a 0.4 M stock dissolved in dimethyl sulfoxide (DMSO). The 9-AC stock solution in DMSO was diluted to a final concentration of 0.05% (by volume); this low concentration of DMSO had no effect on the cells. Chloride responses were recorded in Tris-CI solution containing (mM) Tris Cl, 165; CsCl, 5; MgCl,, 5; DAP, 10; glucose, 10. The 5-HT (100 FM dissolved in the superfusion solution) was applied by pressure (200 msec at 1 bar) from a pipette with a 15-20 Km opening, and gave a maximal response (Drapeau and Sanchez-Armass, 1988) . Recordings from leech ganglia were performed in Ringer's solution containing (mM) NaCl, 115; KCI, 4; CaCl,, 1.8; Tris, 10; mleate, 10; pH 7.4. Recordings of synaptic connections between pairs of cultured neurons were done in L-l 5 culture medium. The signals were filtered (-3 dB at 1 kHz), digitized (I kHz) using a TL-1 interface, and analyzed using pc~mn software from Axon Instruments (Burlingame, CA).
Results

Synapses
The inhibitory synapse between the R and P cells in standard segmental ganglia, which shows a chloride-dependent response, is often difficult to detect when eliciting single impulses (Fuchs et al., 1982) . This is due to a combination offactors that include the remoteness of the cell body from the synaptic sites in the neuropil, the fact that the chloride reversal potential is near the resting potential, and the high frequency of larger, spontaneous chloride-dependent inputs from unknown sources. When a KC1 electrode was used to penetrate the P,,, cell to reverse the chloride gradient, action potentials in the R,,, cell revealed a small averaged postsynaptic depolarization with a brief delay and with an amplitude greater than the residual noise in five of nine cell pairs in standard ganglia (Fig. 1) . This response was easier to detect in P,,, cells showing fewer spontaneous synaptic potentials. Stimulation of the R(,,,, neurons in reproductive ganglia did not produce a detectable response in P,,,e, cells (n = 9; Fig.  1 ). Thus, there does not appear to be a functional connection between the Ro,,, and PO,,, neurons of the reproductive ganglia (x2, p < 0.0 1). This may be the result of differences between the R,,, and the R,,,,, cells, which have previously been shown to have distinct synaptic connections (Wittenberg et al., 1990) or, alternatively, these cells may not come into contact during development. To investigate the ability of the R,,,,, neurons to form synapses with the P,,, and P,,,,, cells, cell somas were isolated and paired in culture.
In vitro, the R,,,-P,,, synapse reformed reliably when the cell somas were plated in contact with one another. The R,,, cell was always presynaptic, and the response in the P,,, cell was chloride dependent, with a reversal potential near the resting potential of -50 mV (Drapeau and Sanchez-Armass, 1988) . After 4 to 12 d in culture, 50% (27 of 54) of R,,,-P,,, pairs formed synapses with a chloride-dependent response (Fig. 2A) . The R,,, neurons formed similar synapses with the PO,,, neurons in about half (8 of 17) of the pairs with culture periods of 4-l 1 d (Fig. 2B) . In contrast, no synaptic responses were observed between 19 pairs of&, 6, and P,, 6, neurons with culture periods of up to 12 d (Fig.  3A) . Synapses between R,, h, neurons and P,,, cells occurred only rarely (3 of 62 cell pairs; Fig. 3B ) and the responses were chloride dependent, with no synaptic responses recorded with culture periods of less than 10 d, suggesting that the occasional R(,,,, neuron may regain the ability to innervate P cells but only after prolonged periods in culture. Synaptic responses in pairs of R,,,e, neurons were readily detected after 4 d in culture (4 of 11 cell pairs), suggesting that the R,,,,, neuron is capable of forming synapses in vitro, although not with the P cell.
These results show that the R,,,,, have a greatly reduced ability to form synapses with the P neuron, whereas P,,,,, cells are indistinguishable from P,,, neurons in their ability to be innervated by the R,,, cells. Thus, the apparent failure of Ro,,, neurons to innervate PO,,, neurons in vivo is likely due to an inability of the 5, 6, neurons to form synapses and is independent of the segmental origin of the isolated P cells, although we have not examined if synaptic structures such as those seen between R,,, and P,,, cells (Kuffler et al., 1987) fail to form between neurons from ganglia 5 and 6. 
Loss of the extrasynaptic response
The contact-mediated loss of the cationic response to 5-HT in the P cell is thought to be an early step in the formation of an inhibitory R-P synapse. This effect is not elicited by neurons other than the R cell (Merz and Drapeau, 1992) and therefore provides a sensitive test of cell recognition between the R cell and P cells. To test whether the nonsynaptic R,,,,, was capable of eliciting this effect in the P cell, we examined the S-HT responses of P cells cocultured with R,,,e, cells.
The responses of the P cells to pipette-applied 5-HT were recorded after 5 d in culture ( Tris-Cl solution for any cell pairing (Fig. 4C,D) , suggesting that the R,,, cell selectively reduced the cationic response in the P cell.
Discussion
The mechanism by which neurons can discriminate between correct and incorrect synaptic partners has been a subject of great interest, particularly since the chemoaffinity hypothesis of Sperry (I 963) which postulated the existence of identifying molecules that permit neurons to recognize one another. In mammals, neurons establish their mature patterns of connectivity by recognizing correct targets during the initial formation of synapses, then allowing activity-dependent modulation of excitatory synaptic strengths (Constantine-Paton et al., 1990; Shatz, 199 I) . In contrast, little is known about the formation of inhibitory connections. In the simpler nervous systems of invertebrates, where fewer cells must connect appropriately, the role of activity-dependent processes is less obvious, and neuronal recognition may be sufficient to establish the patterns of synaptic connectivity Nicholls, 1987) . Because synapse formation can be studied in fine detail in these systems, invertebrates provide a useful model for studying the mechanism of neuronal recognition. In standard segmental ganglia, the inhibitory R-P synapse may provide feedback modulation of P cell activity, as action potentials in the P cell elicit strong excitatory potentials in the R cell via a polysynaptic connection (Wittenburg et al., 1990 ).
The %,,, cells retain most of the characteristics of R,,, neurons, including their basic branching patterns in the neuropil, 5-HT content, and electrical properties. However, the Ro,,, cells innervate the reproductive organs of the leech rather than the body wall, and their morphological and functional differences with the R,,, cells are induced by the reproductive organs themselves (Loer and Kristan, 1989) . In contrast to the excitatory P to R connections, the Po,,,-R,,,,, connection, when present, is inhibitory (Wittenberg et al., 1990) , and as shown in this report, there is no Ro,,,-Po,,, connection. Thus, in the reproductive ganglia, the circuits and connections linking R and P cells appear to be altered or missing. These differences may reflect the altered functional role of the Ro,,, cells, which, unlike the R,,, cell, are not involved in behaviors such as swimming (Loer and Kristan, 1989) .
The absence of an Ro,,,-Pt,,,, synapse could result from differences of either cell type from those of standard ganglia. However, isolated P,,,b, cells were innervated by R,,, cells, and these synapses were indistinguishable from those with P,,, cells. R(,,,, synapses with P,,, cells, on the other hand, were observed only rarely and only after long periods in culture. Hence, the Ro.,, cells may have a limited ability to synapse onto the P cell, or alternatively, there may be changes in the cells as a result of long periods in culture. These observations suggest that the absence of this synapse in the reproductive ganglia in vivo may be due to an inability of the Ro,,, cell to innervate P cells during development of the nervous system.
The loss of the extrasynaptic, depolarizing response to 5-HT from sites of contact with the R cell is an early step in the formation of the inhibitory R-P synapse (Drapeau and SanchezArmass, 1989) . It was previously reported that when P cells were contacted by leech neurons other than the R neuron, they retained the cationic response to 5-HT. The ineffective cells included sensory neurons, postsynaptic motor neurons, presynaptic interneurons, and the nonsynaptic VL and DL serotonergic neurons (Merz and Drapeau, 1992) . The evidence presented in this report extends this specificity to a subtype of R neurons by demonstrating that despite their many similarities to R,,, cells, the R,,,, cells neither innervated P cells nor affected their responses to 5-HT.
Previous work has shown that aldehyde-fixed R cells retain the ability to reduce the extrasynaptic response in P cells cultured in close contact . Treatment of the R cell with trypsin or with the lectin wheat germ agglutinin (but not other lectins) prior to fixation prevents the loss of the extrasynaptic response in the P cell (Merz and Drapeau, 1991) demonstrating that R cell surface contact is required, possibly mediated by an R cell-specific surface glycoprotein. The expression of surface molecules specific to individual cell types or subsets of neurons has been previously described in the leech (Zipser and McKay, I98 l) , and in other invertebrates (Fujita et al., 1982; Chang et al., 1983; Kotrla and Goodman, 1984; Denburg et al., 1986; Meier et al., 1993) . Thus, it seems probable that the R neuron expresses a surface molecule that is not expressed on the R,,,,, cell. The postsynaptic effects of contact with the R cell involve the loss of modulation of cation channels by protein kinase C (Drapeau, 1990; Catarsi and Drapeau, 1992) . This change in sensitivity of the cation channels can be blocked by inhibitors of protein tyrosine kinases (Catarsi and Drapeau, 1993) suggesting a role for these molecular signals of cellular differentiation in synapse formation. Thus, cell recognition in this system may result from the activation by an R,,, cell-specific molecule of a tyrosine kinase in the P cell, reminiscent of the cellular interactions during differentiation of the Drosophila eye (Rubin, 199 1) . The early loss of the extrasynaptic response during formation of the inhibitory R-P synapse suggests that, in contrast to activity-dependent strengthening of excitatory connections, cell contact is more critical for establishing inhibitory synapses. Molecular genetic studies in Drosophila and Caenorhabditis eleguns suggest that cell identity can be regulated at many different levels. For example, the ftz and eve mutations in Drosophila cause complete shifts in cell fates (Doe et al., 1988a,b) . In contrast, the loss of function of the uric-l homeodomain protein in C. elegans has a more limited effect. Uric-4 mutations to a set of ventral motor neurons alter their inputs yet have no effects on their morphology or outputs (Miller et al., 1992; White et al., 1992) . The specializations that arise during development in the R,,,,, cells may similarly represent the altered expression of a small number of genes. This raises the possibility that the R (5.6j cell may prove useful in identifying the molecular interactions underlying neuronal recognition during synapse formation.
